Cross sections for production of I , , , , LB. and Lt x-rays in lanthanum. neodymium.
Introduction
In the last few decades the inner shell ionization of atom by charged particles has been measured extensively. These studies have proven to be very important in understanding the complex mechanism that are involved in the ion-atom collisions. The literature for L x-ray studies with protons as reviewed a decade ago (Sokhi and Crumpton 1984) indicated a limited number of experimental data especially for rare-earth elements. Most of the published data were scattered through different groups and reported only in graphical form. This makes the comparison of experimental and theoretical L x-ray production cross sections more difficult. Subsequently, Braziewicz et ol (1991) measured L x-ray production by light ion bombardment, in which the production cross sections in rareearth elements by 0.15-4.0 MeV protons were reported. The elements Gd and Lu were not included in their investigation. The data of the last decade on L-shell cross section for proton impact were summarized recently in tabular form by Orlic ef al (1994) . Their compilation adds new data for rare-earth elements ionized by protons; for La and Nd at energies lower than 4.6 MeV; €or Gd, lower than 2.0 MeV; for Er, lower than 3.4 MeV. No L x-ray production data for Lu by protons were reported.
The ECPSSR theory by Brandt and Lapicki (1981) of inner-shell ionization, which accounts for energy loss ( E ) and Coulomb deflection (C) of the ion with perturbed stationary state (PSS) wavefunction and relativistic mass (R) of the electron, has often been compared to the data. A test of theories and their possible modification clearly requires more data with various projectiles at different velocities for a wide range of elements. In this paper, we present the L x-ray production cross sections for five targets, La, Nd, Gd, Er and Lu, by 1-5 MeV protons, extending the investigated energy range to higher energy at 5.0 MeV. The individual La, Lg, L, and Le x-ray production cross sections with Lp/La, L,/L, and L& intensity ratios were extracted from experiment and compared with predictions of the ECPSSR theory. For the cases investigated the electron capture conhibution to the L x-ray production cross sections was estimated in the ECPSSR calculation (Lapicki and McDaniel 1980, 1981) to be less than 0.1%. 
Experimental procedure
Proton beams were produced by the 3 MV tandem accelerator of our institute. The details of the experimental set-up are described elsewhere (Lii er al 1992). Therefore, only a brief description shall be presented here. Thin targets (around 15 pg were prepared by vacuum evaporation and deposition of the elements of interest onto 10 pg carbon foils. A Canberra HpGe x-ray detector with a resolution of 185 eV at 5.9 keV was mounted at 60" to the incident beam direction. Two 50 mm2 silicon surface barrier detectors were mounted at 120" and 170" to the incident beam direction for counting ions elastically scattered from the target. A Faraday cup was located at the end of the beam line to measure current transmitted through the target.
The areas of x-ray peaks were evaluated using the 1993 version of the GUPIX program (Maxwell er a[ 1989) . This program used a digital filter to eliminate background, and then employed a non-linear least squares fitting procedure to give a complete analysis of each L x-ray spectrum. The efficiency of the x-ray detector was obtained from K x-rays emitted from thin targets (Z = 22-31) bombarded by 2-3 MeV protons and normalized to the cross sections of the ECPSSR theory. Additionally, the efficiency determined with radioactive "CO, 75Se. ssY and 241Am calibrated sources allowed for absolute normalization of the efficiency curve. Taking into account the uncertainties in the efficiency of the x-ray detector, the particle detector solid angle, counting statistics and peak fitting procedure, the overall uncertainties in this experiment are estimated to be about 12%. Figure 1 shows a typical spectrum for L x-ray yield in Gd bombarded by 2 MeV protons. It is seen that the spectrum is very clean and a good fit to the data for L,, Lg, L, and LL is obtained.
Results and discussion
In order to compare the experiment to the theory, the theoretical ionization cross sections were converted to x-ray production cross sections by the following relations (Close et QI 1973):
where UL,, u~ and uu are the subshell ionization cross sections for the L I , LZ and L3 subshells, respectively; wi the fluorescence yields for the three subshells; fij is the CosterKronig radiationless yields for subshells i to j ; fi,, Fig, Fiy , Fie are the fractional radiative widths involving the Li subshell. In the present calculations, the values of wj and fij are taken from Krause (1979) , while the fractional radiative widths are from the tables of Campbell and Wang (1989) which were based on the code of Scofield (1974) .
The measured L,, Lg, L,, Le and the total L x-ray production cross sections of protons incident upon La, Nd, Gd, Er and Lu targets are listed in table 1. The measured cross sections for the total L-shell x-ray productions appear to be in very good agreement with the ECPSSR theory as seen in figure 2. The Lt contribution over the investigated energy range was found to be about 2% of the total L x-ray production cross sections. (1994) . These data appear to be somewhat abnormal and were not considered here. Generally, the ECPSSR theory leads to good agreement for all targets and incident energies studied in this work. It is noted that theoretical predictions are subject to the uncertainties associated with the uncertainties of fluorescence yield, Coster-Kronig radiationless yield and fractional radiative width used in the translation from ionization cross sections to x-ray production cross sections.
For lanthanum, our result for L, Lp and L, x-ray production cross sections are consistent (within experimental uncertainties) with the data of Kandom-AI-Neami et al theory, while the data for L, lie 20% above the theory. These findings of discrepancy are consistent with those reported earlier by Cohen (1990) .
For lutetium, the results are similar for gadolinium and erbium. There is a consistent deviation between our data for L, x-ray production and the predictions of the ECPSSR theory. No experimental cross sections for lutetium by 1-5 MeV proton impact were reported previously.
The With the exception of a slight underprediction for the La, Er and Lu data, our obtained L&= intensity ratios for Nd and Gd agree well with the ECPSSR theory. For La, the measurement by Braziewicz et al (1991) gives their L&, intensity ratios considerably lower than the ECPSSR predictions for energies 2.6.3.6 and 4.0 MeV. For the L,/L, intensity ratios, the present data lie systematically higher than the ECPSSR ratios with the discrepancy up to 30% except for the La data; for La, the present and earlier measurements gave values of the ratio Ly& close to the ECPSSR predictions, except for the data of Avaldi et al (1984) which are comparatively lower by 30%. For Lu, the present data are new; the ECPSSR theory seems to underpredict the L,La data by about 20% over the entire energy range investigated. The LtIL, intensity ratios of La and Lu plotted in figure 7 are, in principle, ionization theory and projectile energy independent and thus test directly calculations of radiation transition rates. Our results agree with the data of Kandom-Al-Neami et al (1990) for Lt in the energy range 1.5-3.0 MeV. Except for Er, where some data scatter and 15% discrepancies are observed, the calculation based on Scofield's theory, as tabulated by Campbell and Wang (1989) , gives a straight line as shown in figure 7 and is well verified by our data. 
Conclusion
The individual La, La, L, and Lt x-ray production cross sections in La, Nd, Gd, Er and Lu have been measured for 1-5 MeV protons and are compared to theoretical predictions of the ECPSSR theory. The ECPSSR theory reproduces the experimental data quite well except for a slight underprediction for the L, x-ray production measurements and it seems to be adequate for the rare-earth elements studied in this work. The measured L x-ray intensity ratios are in overall good agreement with the ECPSSR theory. Recently, Vigilante et al (1990) suggested a modified ECPSSR theory in which the binding energy saturates at the binding energy of a united atom in slow collisions. In collision systems under our consideration, however, no such saturation occurs and the ECPSSR-UA of Vigilante et al (1990) is identical with the standard ECPSSR of Brandt and Lapicki (1981) . A calculation of the ratio U (ECPSSR-UA)/U(ECPSSR) shows that, except for Er, no ratio was found to be larger than 1.03, which is well within experimental uncertainties.
It is noted that the use of a different atomic parameters data base could lead to significant discrepancies, as previously reported by several authors (e.g. Cohen 1984 , Campbell 1988 .
Therefore, more careful measurements of L x-ray production cross section and intensity ratios as well as a comprehensive review of atomic parameters are clearly needed for further theoretical studies on the inner-shell ionization mechanism.
